Abstract: It is significant for power system stability to improve the operation flexibility of grid-connected units. Such improvement has always been a hot topic, especially for coal-fired units. In recent decades, it has become increasingly urgent and challenging as large-scale fluctuant renewable energy is connected to the power grid. Boiler-turbine coordinated control strategy (CCS), which is employed to perform unit load control according to automatic generation control (AGC), has a slow ramp rate in general on account of large delay and inertia of boiler, so to improve the unit operating flexibility, it is necessary to explore usable heat storage and optimize the control strategy. In combined heat and power (CHP) units with heat accumulators, their heat and power are decoupled. Therefore the extraction steam that goes to the heating station can be regulated flexibly even operating in "heat-led mode". The change of extraction steam flow has a significant influence on the turbine power output, so we propose to improve the load-following capability of CHP units by regulating the heat source flow. In this paper, the influencing model is set up, and it is about heat source flow variations on the electric power output. The load control strategy is further optimized and designed through combinations of CCS and heat source regulation. Finally simulations and analysis are performed on a 330MW CHP unit, and the results reveal that the power ramp rate with our strategy is two times faster than that with traditional strategy.
Introduction
In recent years, large-scale of renewable energy sources (RES) such as wind and solar energy have dramatically increased around the world [1, 2] . However, such fluctuant and intermittent RES bring great challenges to grid stability and security, which has resulted in an increasing proportion of wind curtailment all over the world [3, 4] , so the power system requires new solutions that can guarantee high operational flexibility to balance electrical supply and demand [5] . For those countries whose dominant power is coal-fired power, coal-fired power units are the main participants in the load cycling and frequency regulation. Therefore, they have to operate along-side new renewables, and they play an essential role in accommodating RES.
In order to meet automatic generation control (AGC) demands in time, a flexible coal-fired unit should have the ability to modulate electric power. For example, the rise and fall of ramp rates should be fast [6] . At present, boiler-turbine coordinated control strategy (CCS), which is mainly about using the thermal storage in the boiler system, is a popular strategy to regulate steam turbine output power in thermal power plants [7] . However, the slow response is caused by the large delay from mass transport, fuel grinding, and heat's transfer to the water-steam cycle [8] . Therefore, most literatures tend to optimize CCS by using advanced control algorithms. Sondhi and Hote [9] designed a fractional order PID controller for single-area LFC for all three types of turbines. Yu and Xu [10] proposed to apply feedback linearization technique to the power output control of a boiler-turbine generating unit, and they even designed a nonlinear coordinated controller. Furthermore, robust control [11, 12] , predictive control [13, 14] and fuzzy control [15] have been studied and applied. Apart from the stored energy of the boiler, a large amount of thermal storage existing in the turbine side has being exploited and utilized in recent years. Lausterer [16] proposed condensate throttling to rapidly increase the power output of thermal power plants and Hu et al. [17] set up its nonlinear dynamic model for controller design. Zhao et al. [6] and Umezawa [18] developed feed water bypass and high-pressure (HP) extraction throttling techniques to improve the flexibility of unit. All of the above researches take maximum advantages of boiler and turbine storage to enhance unit operating flexibility and make great contributions on grid stability.
For combined heat and power (CHP) units, they have another available storage in district heat network (DHN) [19] or heat accumulator (HA) [20] despite the above storages. Generally, this storage is used to decouple the unit heat and power to expand their feasible operating area or to improve the economic performance. Zheng et al. [21] proposed to improve the CHP units' operational flexibility for wind power integration through utilizing the thermal inertia of DHN. Li and other scholars of the related paper [22] formulated a CHP dispatch model considering both the pipelines' dynamic thermal performance and the buildings' thermal inertia. Yang et al. [23] and Gu et al. [24] optimized the CHP operating modes considering thermal inertia of district heating network and buildings. Besides, there are many researches that exploit the economic performance, because the CHP plants are integrated with heat accumulators. Korpela et al. [25] presented an analysis on dynamic operability of interconnected CHP plants and district heating networks in Finland. And his analysis was based on the fact that the heat load and electric production can be decoupled temporarily by using the heat storage capacity of DH networks and heat accumulator. Streckienė et al. [26] made an analysis to select an optimal capacity of CHP plant combined with heat accumulator in a competitive energy market, the German spot market. The paper shows an impact of store volume of heat accumulator on generation and their impact on CHP's income. Željko et al. [27] made an investigation of the heat accumulator's impact on the EL-TO Zagreb CHP plant economic performance. The Advanced Cogeneration Optimization Model (ACOM) optimization code was used to achieve economic benefits in two ways: the first way is increasing electricity generation during periods of higher electricity prices, and the other is decreasing the total annual electric energy production. Zhao et al. [28] took both heat storage tank and DHN with known heat load into account to optimize the operation of a CHP plant in Finland. The aim of the analysis was to adjust electric energy production by optimizing appropriate water inlet temperature and management strategy of heat accumulator. Nuytten et al. [29] presented a model that confirms the theoretical maximum of flexibility of a combined heat and power system. This system couples to a thermal energy storage solution that can be either centralized or decentralized. But rarely did researchers use the heat storage to improve the unit power ramp rate and control performance.
So it is innovative to improve the load-following capability of CHP units through heat source regulation. However, as sustainable power support originates from fuel supply, heat source regulation should be combined with traditional CCS. So in this paper, an optimized control strategy will be put forward to improve the CHP operating flexibility.
The paper is organized as follows: Section 2 sets up the heat-power conversion model and compensation model of heat accumulator. Section 3 designs an optimized control strategy by combining heat source regulation with traditional CCS. Section 4 shows a case study with simulation and analysis. Section 5 provides the concluding remarks.
Model Description

Plant Description
CHP is well known as cogeneration, and it means using a single piece of plant to generate heat and electricity simultaneously [22] . However, each CHP unit has a heat-power feasible operation region, i.e., heat and power are coupled. As CHP units generally operate in a heat-led mode to meet the heat demand in real time, they decrease the operating flexibility of electric power output. As shown in Figure 1 , heat accumulators (HA) are the popular solution to increase the flexibility of CHP units. When necessary, they, as a part of the heat source, are employed to replace CHP units to supply heat. On one hand, it reduces CHP power production to expand the power dispatch ranges; on the other hand, it allows part of heat sources to convert into power to accelerate power ramp rate. The operating point change of the two cases are shown in Figures 2 and 3 . In Figures 2 and 3 , the points of A, C, D and F are typical operating points of the CHP unit. Point A is the point of rated power load condition. Point C is point of the rated heating load condition. Point D is the maximum heating capacity operating point under minimum load of CHP unit. Point F is the minimum power load operating point. The line AB and EF mean that the HA is responsible for all heating, while the CHP unit is only responsible for generating electricity. For the second case, the heat-power conversion model and the HA compensation characteristics should be firstly made clear to develop the optimized load control strategy. 
Model Description
Plant Description
Heat-Power Conversion Model
The heat source of heating station is the extraction steam that comes from the turbine cylinder, and its flow depends on the opening of the butterfly valves [30] . When the heat source flow decreases, this part of the extraction steam will enter the turbine and do work. Therefore the electric power output of the turbine will increase [31] . This process usually ends in half a minute. Figure 4 shows the power output variations of a 300 MW CHP unit caused by the change of heat source flow. The unit is a subcritical, single-reheated, and condensing turbine unit. In the rated load condition, the 
The heat source of heating station is the extraction steam that comes from the turbine cylinder, and its flow depends on the opening of the butterfly valves [30] . When the heat source flow decreases, this part of the extraction steam will enter the turbine and do work. Therefore the electric power output of the turbine will increase [31] . This process usually ends in half a minute. Figure 4 shows the power output variations of a 300 MW CHP unit caused by the change of heat source flow. The unit is a subcritical, single-reheated, and condensing turbine unit. In the rated load condition, the main steam pressure is 16.67 MPa, and its temperature is 535 • C. To the reheated steam, the pressure and temperature are separately 3.05 MPa and 537 • C. This experiment is carried out at the rated heating load point of the unit. The main parameters are as the following: the generating capacity of the unit is 23 5 MW; the opening of the extraction butterfly valve is 54.526%; the heat source flow is 400 t/h. When the unit has been operated in the steady state, we change the opening of the extraction butterfly valve and meanwhile remain all other parameters unchanged. Because these parameters might influence power output invariant (for example, fuel flow, live steam valve opening and so on) and record the power output curves. The experimental curves are given in Figure 4 with blue line, which exhibits the power output response to the heat source flow step change. The power output increases 6.7 MW in about 22 s, amounting to the ramp rate of 18.3 MW/min, i.e., 6.1% of rated power per minute. This ramp rate is over three times that obtained with CCS.
The shape of the turbine power output changing is well dovetailed with step response curve of one-order inertia delay model, so a one-order inertia delay model is used to describe the heat-power conversion process:
where ∆P is the power output variations; ∆m h is the heat source flow change; K is the gain coefficient; T is the time constant; ands is the complex parameters in transfer function. The model predictive curve, which is shown in Figure 4 with red line, follows the experimental curve with good trend and accurate relationships. and record the power output curves. The experimental curves are given in Figure 4 with blue line, which exhibits the power output response to the heat source flow step change. The power output increases 6.7 MW in about 22 s, amounting to the ramp rate of 18.3 MW/min, i.e., 6.1% of rated power per minute. This ramp rate is over three times that obtained with CCS. The shape of the turbine power output changing is well dovetailed with step response curve of one-order inertia delay model, so a one-order inertia delay model is used to describe the heat-power conversion process:
where ΔP is the power output variations; Δmh is the heat source flow change; K is the gain coefficient; T is the time constant; ands is the complex parameters in transfer function. The model predictive curve, which is shown in Figure 4 with red line, follows the experimental curve with good trend and accurate relationships. This model structure is applicable to all kinds of CHP units. However, the structure parameters (K and T) differ from unit types and operating conditions. Generally, the time constant keeps between 10 s and 20 s. Considering that variations in this range have little influence on the control performance with controllers, the time constant T generally takes an approximate value.
The gain coefficient K reflects the static relationship between variations of heat source flow and power output. The change of heat source flow not only directly affects the power output, but also This model structure is applicable to all kinds of CHP units. However, the structure parameters (K and T) differ from unit types and operating conditions. Generally, the time constant keeps between 10 s and 20 s. Considering that variations in this range have little influence on the control performance with controllers, the time constant T generally takes an approximate value.
The gain coefficient K reflects the static relationship between variations of heat source flow and power output. The change of heat source flow not only directly affects the power output, but also changes the steam-water distributions of deaerator and low pressure (LP) preheaters, which will finally lead to the change of their corresponding steam extractions and unit power output.
The heat source extraction will enter deaerator after heat transfer, so the steam-water distribution equation [32] of a thermodynamic system with "three high-pressure preheaters, three low-pressure preheaters and one deaerator" can be developed as:
where m fw is the feed water mass flow; τ is the column vector of feed water enthalpy rise, 7 × 1; A is the system characteristic matrix, 7 × 7; m is column vector of extraction steam flow, 7 × 1; m h is the heat source extraction flow; and A h is the characteristic column vector of heat source extraction. It is expressed as follows:
where the change of the heat source flow basically does not affect the first several stages of extraction steam, so the first three parameters of A h are 0. h h,w is the drainage water enthalpy from heating station; h w,i is the outlet water enthalpy of the ith preheater; and τ i is the feed water enthalpy rise of the ith preheater, τ i = h w,i − h w,(i+1) . The power output can be calculated through the do work expression:
where: h 0 is the live steam enthalpy; σ is the enthalpy rise of reheated steam; m t is the mass flow of extraction steam for feed water pump turbine; h c is the exhausted steam enthalpy, and h i (i = 1, 2, 3, 4, 5, 6, 7) means enthalpy of ith extraction steam:
Combining Equation (2) with Equation (4), we will have:
and the static relationship between variations of heat source flow and power output can be further obtained:
Here, we take a 330 MW CHP unit for example to verify the accuracy of our proposed model. The results as shown in Table 1 reveal that the relative error of our model is no more than 1%. Furthermore, more results about another 3 typical-grade CHP units are shown in Table 2 . The results in Table 2 show that the gain coefficient K is generally different in different grades of CHP units. But for the same unit, the ratio is basically the same under different steam turbine load conditions and different heating conditions. Moreover, it will not change with load. 
Compensation Characteristics of HA
In the rated operating conditions, the heat demand is totally supplied by CHP, and HA keeps in a static state at this moment. The energy balance equation of the heating station is as follows:
where m cir is the mass flow of circulating water in heat network; C p is the specific heat of circulating water in heat network; T out and T in are the outlet and inlet water temperature of heating station. When it is necessary to make power output increase with a rapid ramp rate, the heat source extraction flow is regulated to decrease, and meanwhile HA [33] will discharge to compensate the decrease of heat source. The discharge flow of hot water is:
In like manner, the charge flow of hot water in HA charging operation is:
Suppose that hot water flow charging in HA is positive and hot water discharging from HA is negative, the relationship between the change of heat source extraction flow and hot water flow of HA can be expressed as:
Optimized Control Strategy Design
As introduced in Section 2.2, increasing or decreasing the heat source extraction steam flow can rapidly lead to the decrease or increase of power output, so this can hopefully be used to accelerate the power output response and improve the load-following capability of CHP units. In order not to affect heat consumers, HA should be cooperated with heat source flow regulation. However, a sustained increase of power output can only result from an increase in fuel input, since the storage capacity is always limited. Therefore, the heat source regulation could not be taken as a single control method for power load control but an assistant control method for traditional CCS. It is known to all that the coordinated control system (CCS) is a complex multivariable system with strong coupling characteristics. The CCS takes boiler and steam turbine with different dynamic characteristics as a whole to control them. Thus, according to the load demand of power grid, the boiler and steam turbine can be regulated at the same time, and the deviation of main operation parameters can meet the load demand. The stability of parameters can be ensured. In drum boiler units, the coordinated control system is often simplified to a two-input and two-output dynamic control system. The inputs are usually boiler fuel flow (µ B ) and the live steam valve opening (µ T ). The outputs are turbine power output (P) and main steam pressure of turbine inlet (P T ). There are two operation modes of load control system for CCS: boiler follow mode (BF) and turbine follow mode (TF). The boiler follow mode has the advantage of fast load changing, but the parameters of unit will be in a large range. While the turbine follow mode is good at keeping the operation parameters steady and safe. Before optimizing the control strategy, some key principles must be specified first:
(1) Heat source extraction regulation should play a major role in the initial control period, and finally heat source extraction flow should recover to its former value. (2) Fuel flow should follow the power demand and support the total power change at the end of control. (3) The set point of HA hot water flow should be given so as to control HA.
Taking the above principles into account, an optimized control strategy is designed as shown in Figure 5 . Firstly, the power difference between its set point and actual value is taken as the input of heat source controller, and such design can ensure maximum utilization of rapid power response of heat source regulation. Secondly, turbine follow (TF) mode [34] is chosen as the basic CCS. In this case, fuel flow mainly regulates power output, and live steam valve mainly controls live steam pressure. capacity is always limited. Therefore, the heat source regulation could not be taken as a single control method for power load control but an assistant control method for traditional CCS. It is known to all that the coordinated control system (CCS) is a complex multivariable system with strong coupling characteristics. The CCS takes boiler and steam turbine with different dynamic characteristics as a whole to control them. Thus, according to the load demand of power grid, the boiler and steam turbine can be regulated at the same time, and the deviation of main operation parameters can meet the load demand. The stability of parameters can be ensured. In drum boiler units, the coordinated control system is often simplified to a two-input and two-output dynamic control system. The inputs are usually boiler fuel flow (µB) and the live steam valve opening (µT). The outputs are turbine power output (P) and main steam pressure of turbine inlet (PT). There are two operation modes of load control system for CCS: boiler follow mode (BF) and turbine follow mode (TF). The boiler follow mode has the advantage of fast load changing, but the parameters of unit will be in a large range. While the turbine follow mode is good at keeping the operation parameters steady and safe. Before optimizing the control strategy, some key principles must be specified first:
Taking the above principles into account, an optimized control strategy is designed as shown in Figure 5 . Firstly, the power difference between its set point and actual value is taken as the input of heat source controller, and such design can ensure maximum utilization of rapid power response of heat source regulation. Secondly, turbine follow (TF) mode [34] For one thing, this design avoids large fluctuation of live steam pressure; for another thing, it ensures accurate energy correlationship between power output and fuel supply. Different from traditional CCS, in our optimized control strategy, the input value of boiler controller is no longer the difference value between set point and actual power output. It is the sum of difference value and the changing value of the unit load caused by the change of heat source flow. This design not only ensures the fuel supply not to be retarded by heat source flow regulation, but also always keeps consistent with actual power-fuel demand during the control process. More importantly, in the final control state, the fuel supply can satisfy the power demand by itself, which forces the heat source flow to recover to its former value. In this way, the heat source regulation plays an important role in the initial control period to accelerate the power response, and the fuel regulation plays a vital role in the middle and final control period to ensure sustainable energy supply. Finally, the heat source variations are converted into the hot water flow order of HA by the method introduced in Section 2.3, and then directing the HA controller to regulate the hot water flow to compensate the heat demand. In this figure, P is actual power outpu; p t is live steam pressure; µ B is boiler fuel flow; µ T is live steam valve opening; and µ HA is water inlet and outlet valves of HA.
Simulations and Analysis
A 330 MW CHP unit is taken as an example in this paper. The unit is a subcritical, single-reheated, and condensing turbine unit. In the rated load condition, the main steam pressure is 17.5 MPa, and its temperature is 540 • C. To the reheated steam, the pressure and temperature are separately 3.44 MPa and 540 • C, and the rated pressure of heating extraction steam is 0.4 MPa. Its rated heating extraction flow is 300 t/h and the maximum is 400 t/h. Its linearized system model at 90% turbine load point is expressed as [35] :
where: 
Taking this unit as the research objective, traditional CCS and our optimized control strategy are tested and simulated as follows.
Power Step Test
A simulation at its 90% turbine load point will be made as following. At 120 s, the load of the unit stabilizes at the load 300 MW, and the set point for its steam pressure is 17.5 MPa. Then a turbine power step increase of 10 MW in 120 s is given. After the system is stabilized again, the power instruction of the unit is reduced by 20 MW at 180 s. Figures 6 and 7 show the power load response and the live steam pressure response curves by applying traditional CCS and our optimized control strategy, respectively. It can be seen from the curves that the power response with our strategy has shorter adjustment time and smaller overshoot compared to traditional CCS; and the live steam pressure can recover to its set point more swiftly with smaller fluctuation. Quantitative calculations on some control performance indices including the IAE index (J IAE ), ITAE index (J ITAE ) and AGC assessment index [36] are also given in Table 3 . The indices' comparisons between 2 strategies all prove that our optimized control strategy is significantly superior to traditional CCS.
Energies 2018, 11, x FOR PEER REVIEW 10 of 15 assessment index [36] are also given in Table 3 . The indices' comparisons between 2 strategies all prove that our optimized control strategy is significantly superior to traditional CCS. Energies 2018, 11, x FOR PEER REVIEW 10 of 15 assessment index [36] are also given in Table 3 . The indices' comparisons between 2 strategies all prove that our optimized control strategy is significantly superior to traditional CCS. In order to make clear the actions of CCS and heat source regulation with our optimized control strategy, the power response curves of CCS channel and heat source regulation channel are separately exhibited in Figure 8 . It can be seen from Figure 8 that the actual power output is the sum of CCS output and heat source regulation output, and the heat source regulation becomes to act much faster than CCS when the power demand is stepped at 120 s and 180 s. When the fuel flow gradually matches power demand, the heat source regulation starts to weaken and even does not work at the end of control (160 s to 180 s, and 230 s to 250 s). The conclusion can be made that our optimized strategy meets the design requirements introduced in Section 3: heat source regulation mainly taking actions in the initial control period for rapid power response, and fuel regulation mainly taking actions in the middle and final control periods for control accuracy. In order to make clear the actions of CCS and heat source regulation with our optimized control strategy, the power response curves of CCS channel and heat source regulation channel are separately exhibited in Figure 8 . It can be seen from Figure 8 that the actual power output is the sum of CCS output and heat source regulation output, and the heat source regulation becomes to act much faster than CCS when the power demand is stepped at 120 s and 180 s. When the fuel flow gradually matches power demand, the heat source regulation starts to weaken and even does not work at the end of control (160 s to 180 s, and 230 s to 250 s). The conclusion can be made that our optimized strategy meets the design requirements introduced in Section 3: heat source regulation mainly taking actions in the initial control period for rapid power response, and fuel regulation mainly taking actions in the middle and final control periods for control accuracy. Evidently, during the above control process, HA undergoes continuous discharging and charging periods in order to make up the heat gap caused by heat source regulation. Figure 9 shows the HA operating conditions and its hot water flow output during the above simulation. It can be seen that thermal power output begins to rapidly drop off from 195 MW to 0 MW at 120 s, and meanwhile HA starts to discharge to compensate heat demand. HA goes through several charging and discharging processes with change of CHP heat output, and it finally becomes stable. During the whole regulating process, the total heat supplied by CHP and HA together keeps constant. In the same manner for the power-down process since 180 s, HA quickly becomes to charge when more Evidently, during the above control process, HA undergoes continuous discharging and charging periods in order to make up the heat gap caused by heat source regulation. Figure 9 shows the HA operating conditions and its hot water flow output during the above simulation. It can be seen that thermal power output begins to rapidly drop off from 195 MW to 0 MW at 120 s, and meanwhile HA starts to discharge to compensate heat demand. HA goes through several charging and discharging processes with change of CHP heat output, and it finally becomes stable. During the whole regulating process, the total heat supplied by CHP and HA together keeps constant. In the same manner for the power-down process since 180 s, HA quickly becomes to charge when more heat source are extracted for powering down. Finally the HA hot water flow would stabilize to nearly zero at the end of power regulation. 
Power Ramp Test
In order to obtain the power ramp rate of the optimized strategy, a further simulation test with ramp input is given as following: after the power becomes stable, at 150 s, a power disturbance with the ramp rate of 18 MW/min, i.e., 6% of its rated-heating power per minute, is imposed; after rebalance to a new point, at 280 s, a power disturbance with the ramp rate of 12 MW/min, i.e., 5% of its rated-heating power per minute, is imposed. The simulation curves with 2 different strategies are shown in Figure 10 . 
In order to obtain the power ramp rate of the optimized strategy, a further simulation test with ramp input is given as following: after the power becomes stable, at 150 s, a power disturbance with the ramp rate of 18 MW/min, i.e., 6% of its rated-heating power per minute, is imposed; after rebalance to a new point, at 280 s, a power disturbance with the ramp rate of 12 MW/min, i.e., 5% of its rated-heating power per minute, is imposed. The simulation curves with 2 different strategies are shown in Figure 10 . It can be seen from the figure that the control performance with our optimized strategy is superior to that with traditional CCS. The power output with the optimized strategy almost perfectly tracks the power demand, i.e., the power ramp rate of our strategy reaching 6% of its rated-heating power per minute, about two times faster than that of the traditional CCS.
Conclusions
In this paper, heat source regulation is firstly proposed to improve the CHP operating flexibility. The heat-power conversion model is set up to simulate the dynamic and static relationship between heat source flow variation and electric power output. An optimized control strategy is designed through combinations of traditional CCS and heat source regulation to improve the flexibility of unit. HA compensation water flow is calculated and controlled to keep the total heat output invariant. Finally, a 330 MW CHP unit is taken as an example to test and verify the effectiveness of our optimized strategy. The simulating curves and calculating indices prove that the unit load-following capability is significantly improved with our optimized strategy, and the heat source flow would be recovered to its former value at the end of control. The power ramp test can help to make a conclusion that the ramp rate of optimized strategy reaches 18 MW/min, about two times faster than that of traditional CCS. Moreover, the strategy is easy to be applied in reality, because it needs no hardware update. The most efficient way is to improve the power load control logic in the distributed control system (DCS). The strategy is also applicable for CHP units without Has, because heat source flow can be regulated to its former value in a short control period and have little impact on heat consumers. Regulating AC-curacy factor K P Overall index
